The objective of this study was to verify the additivity of true total-tract P digestibility (TPD) in corn and soybean meal (SBM) for15-kg pigs. Fiftyfour barrows with an average initial BW of 14.7 ± 1.6 kg were used in a randomized complete block design with a 3 × 2 factorial arrangement of 6 diets. Three P sources included corn, SBM, and their mixture at a ratio of 2:1. Each P source was provided at low or high level. The diets were fed for a 5-d adjustment period followed by a total collection period of 7 d with ferric oxide as a marker to determine the initiation and termination of fecal collection. The results showed the high P level of each P source increased (P < 0.001) P intake, fecal P output, and digested P compared with the low P level. The respective apparent total-tract digestibility of P were 35.66 and 40.57% for low and high P levels in corn, 35.72 and 38.04% for low and high P levels in SBM, and 41.85 and 38.53% for low and high P levels in the corn-soybean meal mixture without signifi cant difference between P levels within P sources. Regressing daily digested P against daily P intake, the TPD was estimated at 40.53, 35.96, and 37.52% for corn, SBM, and their mixture, respectively. The expected TPD in corn and SBM mixture was calculated to be 37.92% based upon the P contribution coeffi cient calculated to be 0.428 for corn and 0.572 for SBM. The determined TPD (37.52%) in the mixture was not statistically different from the expected (37.92%). In conclusion, the TPD in corn and SBM are additive in corn-soybean meal diet for pigs.
INTRODUCTION
The overapplication of manure rich in P could lead to P contamination of surface water or even eutrophication (Jongbloed and Kemme, 1990) . This challenge demands an accurate evaluation of P availability in feed ingredients, which has been addressed in swine industry by adopting either a digestible or an available P basis to describe P requirement (Knowlton et al., 2004) .
The regression method has been corroborated consistently as a reliable technique to derive the true P digestibility (Fan et al., 2001; Akinmusire and Adeola, 2009 ). This technique is advantageous by determining the true total-tract P digestibility (TPD) instead of ileal digestibility because there was no signifi cant difference between total-tract and ileal P digestibility seen in recent studies (Fan et al., 2001; Dilger and Adeola, 2006) . In addition, the total collection procedure could be easily practiced at total-tract level to realize a more accurate determination relative to the index method (Agudelo et al., 2010) . It has been demonstrated that the regression method combined with total collection of feces is quite robust (Poulsen, 2007) .
There is a dearth of information about the additivity of TPD in diets. The additivity in the context of P, as explained for AA , should be conceptualized as the representation of the TPD in the diet by the sum of TPD from individual ingredients contributing P to the diet. Fang et al. (2007) tested the additivity of TPD, concluding TPD values were additive. However, it is noteworthy that the substitution method used by Fang et al. (2007) could have been confounded by the possibly great variation in apparent P digestibility (APD) based on the substitution method, especially when the inclusion rate of the test ingredient was low in the assay diet (Düngelhoef et al., 1994) . Therefore, this study was designed to determine if the TPD of corn and soybean meal (SBM) was additive in 15-kg pigs using the regression technique with the test ingredient as the sole source of P in assay diets.
MATERIALS AND METHODS
All animal procedures were approved by the Purdue Animal Care and Use Committee.
Animals
Fifty-four Hampshire × Duroc × Yorkshire × Landrace barrows (initial BW 14.7 ± 1.6 kg and fi nal BW 15.5 ± 1.6 kg) were used in this study. The barrows were housed in stainless-steel metabolism crates (0.83 m by 0.71 m) equipped with 1 waterer and 1 trough to enable separate and controlled intakes of feed and water. Room temperature was maintained at 22°C. Five days were allowed for the pigs to adapt followed by a 7-d period of total collection of urine. Fecal collection was initiated and ended with the appearance of ferric oxide-marked feces described by Akinmusire and Adeola (2009) .
Daily feed allowance was set at 5% of the average BW of pigs in each BW block at the beginning of adaptation period and adjusted until the end of the adaptation period based on the feed refusal collected on the previous day to guarantee the feed refusal was minimized during the collection period. The feed intake during the collection period was no less than 3% of the BW of pigs. The pigs were fed 1 of 2 equal portions of a daily feed allowance at 0700 and 1700 h and a water allowance of 2 times the feed supply.
Dietary Treatments
Six dietary treatments were designed in a combination of 2 P levels (low and high) and 3 sources of P including corn, SBM, and their mixture at a corn:SBM ratio of 2:1 on an as-is basis (Table 1) . Limestone was added to reach a constant Ca:P ratio of 1.25:1 across all diets. Potassium chloride was added to meet the potassium requirement suggested by NRC (1998). The aforementioned addition was facilitated by adjusting the inclusion rate of cornstarch in each diet.
Chemical Analyses
All the fecal samples collected for each pig were dried in a forced-air oven at 55°C to a constant weight and ground to pass through a 0.5-mm screen before analysis. All samples were dried at 105°C in a drying oven (Precision Scientifi c Co., Chicago, IL) for 24 h to determine DM content. Phosphorus concentration was determined by wet digestion of the samples in concentrated nitric acid and 70% perchloric acid. A blue color developed in the digested samples with the addition of Fiske-Subbarow reducer solution and acid molybdate followed by measuring absorption at 620 nm using a spectrophotometer (AOAC Int., 2006; SpectraCount, model AS1000; Packard, Meriden, CT). Corn, SBM, and diet samples were also ground and analyzed for both P and Ca after wet digestion. Calcium concentration was determined using an atomic absorption spectrometer (AAnalyst 300; Perkin Elmer, Norwalk, CT).
Calculations and Statistical Analyses
To derive APD (%) and TPD (%), these equations were used as described by Akinmusire and Adeola (2009) : APD = 100 × (P I -P O )/P I , P D = P I -P O , P D = (C TPD × P I ) -EPL, and TPD = C TPD × 100, in which P I is the dietary P intake, P O is the fecal P output (mg/d), P D is the digested P (mg/d), EPL is the estimate of daily endogenous P losses (mg/d), and C TPD is the TPD coeffi cient estimated by regressing P D against P I using GLM procedure (SAS Inst. Inc., Cary, NC). Cook's D Figure 1. Regression of digested P against P intake for corn (A), soybean meal (B), and their mixture (C).
Additivity of true phosp
The calculated TPD in the mixture of corn and SBM were derived with the following equation:
in which C C and C S are the P contribution of corn and SBM to their mixture, TPD CM (%) stands for calculated TPD in the mixture of corn and SBM, and TPD C and TPD S represent determined TPD in corn and SBM, respectively. Digestibility data were analyzed by GLM procedure (SAS) as a randomized complete block design in a 2 × 3 factorial arrangement using the model
is the effect of ith block (i j is the effect of jth level (j k is the effect of kth source of P (k jk is the interaction effect of jth level and k ijkl is the error term. Contrast was used to test the difference in digestibility data between 2 P levels of each P source. Least-squares means were presented and an alpha level of 0.05 was considered as To test whether the difference between TPD CM and the determined TPD in the mixture of corn and SBM (TPD DM a 1-tailed,1-sample t-test was performed with the null hypothesis being Ho: TPD DM = TPD CM vs. alternative hypothesis Ha: TPD DM CM . We used the t statistic t = ( x in which TPD DM was taken as the sample mean ( x ) and TPD CM
RESULTS
Two barrows were culled from this study because of diarrhea developed after introducing ferric oxide in their feed, which rendered it impossible to implement total collection of feces. The P concentrations in all diets were greater than the calculated values (not shown) especially in low P diets where the inclusion rates of test ingredients were low. The Ca:P ratio was calculated to b (Table 1) . The high P level of each P source increased P intake, fecal P output, and digested P compared with the low level (P < 0.001; Table 2 ) but not APD. The APD was determined to be 35.66 and 40.57%, 35.72 and 38.04%, and 41.85 and 38.53% for low and high P levels in corn, SBM, and their mixture based diets, respectively. The P. The interaction between source and level was only
The regression of daily digested P against daily P intake for each of corn, SBM, and their mixture at a ratio of 2:1 indicated that the regression equations accounted for 86, 83, and 75%, respectively, of the variation in the data (Fig. 1) . The TPD was estimated at 40.53, 35.96, and 37.52% for corn, SBM, and their mixture, respectively, with their corresponding estimated daily endogenous P losses being 14, -10, and -17 mg/d (Table 3 ). The contri-0.572 for SBM; therefore, the expected TPD in corn-and-SBM mixture was calculated to be 37.92% (Table 3) could not reject the Ho hypothesis TPD DM = TPD CM , so the determined TPD in the mixture is not statistically different from the calculated TPD.
DISCUSSION
To estimate P digestibility, any 1 of these 3 procedures may be used: the direct method, the difference method, or the regression method (Poulsen et al., 1999) . The regression method has been corroborated consistently as a reliable technique to derive the TPD (Fan et al., 2001; Dilger and Adeola, 2006; Akinmusire and Adeola, 2009 ). The true total-tract P digestibility was preferred over ileal, considering its simplicity and because there was no signifi cant difference between totaltract and ileal P digestibility (Fan et al., 2001; Bohlke et al., 2005; Dilger and Adeola, 2006) . However, for any method, it is necessary that the P content in the assay diets does not exceed the P requirement of the pigs (Poulsen et al., 1999) . Phosphorus intake up to a 5 g/d, mainly in the form of dibasic sodium phosphate, was found to not detract the regression technique (Rodehutscord et al., 1999a) , which could have supported the validity of using the regression method in this study considering that P intake ranged from 378 to 1,144 mg/d (Table 2) . Direct support was provided by the increase in P output and digested P with the increased P intake (Table 2) and the r 2 being between 0.75 and 0.86, indicating most of the variance of digested P could be explained by the variation of P intake (Table 3 ). This study was designed to validate the additivity of TPD in corn and SBM using the regression method because of the dearth of information about the additivity of TPD. The additivity in the context of P, as explained for AA , should be conceptualized as the representation of the TPD in the diet by the sum of digestible P from individual ingredients contributing P to the diet. Apparent P digestibility in corn was determined to be 35.66 or 40.57% for low or high P levels, respectively. Corresponding values for SBM were 35.72 or 38.04%, which are similar to the values of 34.33 to 38.63% for SBM previously reported by Akinmusire and Adeola (2009) using similar experimental procedures and facilities. In previous studies where graded levels of P were investigated, the APD values in corn were reported to be -41.4 to 39.1% with 25-kg pigs (Shen et al., 2002) . For SBM, it was documented to be 18.8 to 42.5% with 6.8-kg pigs (Fan et al., 2001) and to be 3.7 to 48.1% with 40-kg pigs (Ajakaiye et al., 2003) . All those studies used the index method and came from the same lab, indicating a large variance in APD values, which was attributed to the graded P content by the authors. However, this did not seem to be the case in the current study. The reason could be the difference between index methods used in those studies compared with our total collection method. In the study by Dilger and Adeola (2006) reevaluating regression technique using the index method, the conventional SBM was determined to have a total-tract P digestibility ranging from 41.1 to 46.5% without the signifi cant effect of P content. So the method of fecal collection does not seem to be the primary reason. Agudelo et al. (2010) compared the total collection method with the index method and observed that the index method gave a APD of 25.9% for a corn-SBM based diet with 66.2-kg pigs, which compared with 34.61% using the total collection method, but the index method did not seem to have high variance (SEM: 1.98 vs. 1.33). On the contrary, Kemme et al. (1997) reported that the index method yielded signifi cantly greater total-tract P digestibility compared with the total collection method without changing variance dramatically (SEM: 1.89 vs. 1.70). Therefore, it is still controversial as to the effect of the index method on the P digestibility in terms of both accuracy and consistency. The total collection method is generally considered precise (Agudelo et al., 2010) with efforts of researchers to minimize the losses of feed and feces during collection periods.
True P digestibility in corn was calculated to be 40.53%. For SBM, it is 35.96% compared with the value of 40.85% by Akinmusire and Adeola (2009). Previous Determined true total-tract P digestibility in mixture, % 37.52 Calculated true total-tract P digestibility in mixture, % 2 37.92
1 The number of pigs for each P source. 2 Calculated true total-tract P digestibility is not signifi cantly different from the determined. studies using the index method reported true values to be 59.8% for corn with 25-kg pigs (Shen et al., 2002) and to be 48.5% for SBM with 6.8-kg pigs (Fan et al., 2001) , 45.2% with 17.7-kg pigs (Dilger and Adeola, 2006) , and 51.3% with 40-kg pigs (Ajakaiye et al., 2003) . These may be due to potential factors such as the difference in the test ingredient, sample collection method, and Ca to P ratio among others. In particular, the variation of P digestibility in pigs was 5 to more than 10 times as much as that of DM, CP, or energy (Eeckhout and De Pape, 1997) . As for the effect of BW, it was shown that there was no difference in TPD of the same SBM determined using 6.8-kg weanling pigs vs. 40-kg growing pigs (Ajakaiye et al., 2003) . The APD was also not affected by BW between 16 and 38 kg when the P mainly originated from corn, barley, and SBM (Rodehutscord et al., 1999b) . Furthermore, the total collection methodbased APD in diets was determined to be 39.0, 40.5, and 40.9% for 60-, 75-, and 90-kg pigs, respectively, showing no signifi cant infl uence of BW (Kemme et al., 1997) . Another potential culprit could be Ca. We supplied Ca using limestone to balance Ca:P ratios across diets, which could have facilitated the chelating between phytate and P and therefore decreased P digestibility compared with when there was no Ca supplement such as in the studies by Fan et al. (2001) , Shen et al. (2002) , Ajakaiye et al. (2003) , and Dilger and Adeola (2006) . The degradation of inositol phosphates that accounts for more than one-half of total P in corn and SBM was low in the stomach if there was no cereal phytase and continued to be low in the small intestine due to the low solubility of inositol phosphates at intestinal pH of 6.6 (Schlemmer et al., 2001 ). This was supported by the in vitro fi nding by Wise and Gilburt (1981) that calcium phytate was soluble below pH 4 but became insoluble at pH 5. Therefore, Ca might serve as a limiting factor on phytate degradation (Selle et al., 2009) in the small intestine considering the pH transition from an acidic environment in the stomach to a more neutral environment in the small intestine. To determine P digestibility values that could refl ect the actual P availability in a complete diet where both Ca and P are often supplemented at a certain ratio, it is not adequate to ignore Ca when designing such metabolism studies. In this study, an attempt was made to balance the Ca:P ratio across diets using limestone, expecting a lower but practical P digestibility than when there is no Ca supplementation. The estimate of endogenous P losses was not significantly different from 0, which was consistent with previous reports (Dilger and Adeola, 2006; Akinmusire and Adeola, 2009 ). However, the negative estimate reported here, accompanied by the well-recognized large variance with the estimate, questioned the validity of estimating endogenous P losses using the regression method. The regression method was based on some assumptions that could not have been testifi ed just as that for standardizing AA digestibility as described by Stein et al. (2007) . If endogenous losses of P are partitioned into basal dietindependent and specifi c diet-dependent components as common for AA, the APD should be infl uenced by P content, as shown by Fan et al. (2001) , Shen et al. (2002) , and Ajakaiye et al. (2003) . However, as pointed out earlier, studies by Dilger and Adeola (2006) and Akinmusire and Adeola (2009) did not observe the effect of P content on APD either consistently or occasionally. In addition, probably due to large variance with P digestibility, it is not infrequent in aforementioned studies to observe decreased P digestibility at greater P levels, which could have reduced the estimate of endogenous loss using the linear regression method. The substitution of cornstarch by test ingredient to create graded levels of P in assay diets could provide another explanation. Cornstarch was found to be capable of reducing precaecal inositol hexakisphosphate degradation and P digestibility and cause a net absorption of P postileally (Baumgärtel et al., 2008) . This infl uence could have varied with differing inclusion rate of cornstarch, such as in the scenario of our study, possibly leading to a clockwise skewing of the linear relationship between digested P and P intake, which would translate into the underestimation or even negative endogenous P losses. Fang et al. (2007) tested the additivity of TPD using the substitution method and concluded that the TPD values were additive. However, it is noteworthy to point out that the APD values in some ingredients based on the substitution method were highly variable (Fan and Sauer, 2002) . The variation would be more pronounced if the inclusion rate of test ingredient was low in the assay diet (Düngelhoef et al., 1994; Fan and Sauer, 2002) , showing a dependency of the reliability of P digestibility derived from the substitution method on the substitution rate of test ingredient in assay diet. As an example, when the inclusion rate of test ingredient was 83%, a deviation of 10 percentage points from the availability of P in the basal diet would have caused a change of only 2 percentage points for digestibility of P in test ingredient (Düngelhoef et al., 1994) , and the reverse would be expected when the inclusion rate of test ingredient was 17%. In the current study, the test ingredient was assumed to be the only P source to eliminate the potential infl uences brought about by the index method and the substitution method. Also, we tried to control the 2 P levels to be similar for 3 sources of P, which may have supplied more credence to our results. It should be emphasized that the demonstrated additivity shown is restricted to corn and SBM investigated in this study. The phytate-P accounts for 72% of total P in corn and 60% for SBM (Selle and Ravindran, 2007) , which are quite similar to each other. Generally speaking, corn and SBM are devoid of inherent phytase. All those factors might explain the nonsignifi cant difference in APD among 3 P sources and the additivity we ascertained. However, the additivity of APD values for pigs seems to depend on the property of constituent ingredients of the assay diets, for example, antinutritive factors (Fan and Sauer, 2002) . As for scenarios where the constitutive ingredients in diets are different in the content of inherent phytase, as in the case of corn and rye in the same diet, the additivity might not be so straightforward, which warrants further investigation.
In summary, we determined the TPD in corn and SBM to be 40.53 and 35.96%, individually. The expected P digestibility (37.92%) in their mixture is not different from the determined digestibility (37.52%), indicating the additivity of TPD in corn and SBM for pigs.
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